The emission spectrum of VF has been investigated in the 3400-17 000 cm Ϫ1 region using a Fourier transform spectrometer. The bands were excited in a high temperature carbon tube furnace from the reaction of vanadium metal vapor with CF 4 , as well as in a microwave discharge through a flowing mixture of VF 4 vapor and helium. Several bands observed in the 9000-12 000 cm Ϫ1 region have been attributed to VF. The bands with high wave number R heads near 9156.8, 9816.4, 10 481.4, 11 035.8, and 11 587.2 cm Ϫ1 have been assigned as the 0-2, 0-1, 0-0, 1-0, and 2-0 bands, respectively, of the new ͓10.5͔ 5 ⌬ -X 5 ⌬ system of VF. A rotational analysis of the 5 ⌬ 1 -5 ⌬ 1 , 5 ⌬ 2 -5 ⌬ 2 , 5 ⌬ 3 -5 ⌬ 3 , and 5 ⌬ 4 -5 ⌬ 4 subbands of the 0-1, 0-0, 1-0, and 2-0 bands has been carried out and spectroscopic parameters for VF have been obtained for the first time. The following equilibrium constants have been determined for the ground state of VF by averaging the constants of the different spin components: ⌬G(1/2)ϭ665.10 cm Ϫ1 , B e ϭ0.3863 cm Ϫ1 , ␣ e ϭ0.0028 cm Ϫ1 , and r e ϭ1.7758 Å.
INTRODUCTION
Spectroscopic studies of transition metal-containing molecules provide insight into chemical bonding in simple metal systems.
1 Because of the high cosmic abundance of transition metal elements in stars, transition metal-containing molecules are of astrophysical importance.
2, 3 While many of the diatomic transition metal oxides 4 and hydrides 5 have been relatively well characterized, and many of the nitrides have recently been investigated, 6, 7 only a few transition metal halides have been studied so far. In the group V transition metal family only limited spectroscopic data are available for TaCl, 8 VCl, 9 and VF 10 from previous low resolution studies. The TaCl bands were observed from the microwave excitation of a mixture of TaCl 4 vapor, N 2 , and He during a search for TaN bands, and were left unassigned. 8 The visible bands of VCl are also known 9 but their rotational analysis is still lacking. However, in a recent study of VCl we have observed a complex 5 ⌬ -5 ⌬ transition in the near infrared which has been labeled as the ͓7.0͔
5 ⌬ -X 5 ⌬ transition 11 and we have determined the spectroscopic constants from the rotational analysis of a few bands. A number of low resolution emission bands of VF have also been observed in the visible region by Jones and Krishnamurty 10 and the electronic assignments of 5 ⌺ -5 ⌸ or 5 ⌬ -5 ⌸ have been proposed. No rotational analysis of any VF bands has been reported to date.
Several theoretical studies of the spectroscopic properties of VF 12, 13 and the related molecule VH 14 have been carried out in recent years. Averyanov and Khait 12 have performed an ab initio calculation of the spectroscopic properties of the low-lying quintet states of VF and proposed a 5 ⌬ ground state. In another ab initio study, the spectroscopic properties for the low-lying electronic states of VF have been predicted by Harrison. 13 In this study, the ground state of VF was predicted to be either a 5 ⌬ or a 5 ⌸ state but no definite conclusion was drawn. 13 However, a 5 ⌬ ground state has been predicted for VH by Bruna et al.
14 on the basis of a high quality ab initio calculation. Transition metal halides are expected to have a similar electronic structure as the corresponding hydrides, so that 5 ⌬ ground states are expected for VF and VCl based on the available results for VH. 14 In the present work we report on the observation of a new ⌬⍀ϭ0 transition of VF in the 9000-12 000 cm Ϫ1 region. The 0-0 band is located near 10 481 cm Ϫ1 , so this transition has been labeled as ͓10.5͔
5 ⌬ -X 5 ⌬ on the basis of a rotational analysis of the
, and 5 ⌬ 4 -5 ⌬ 4 subbands of the 0-1, 0-0, 1-0, and 2-0 bands. The 5 ⌬ 0Ϯ -5 ⌬ 0Ϯ subband could not be identified in our spectra because of extensive overlapping from the other subbands.
EXPERIMENT
The near infrared spectra of VF were recorded in two experiments. In the first experiment the bands were observed in the reaction of vanadium atoms with CF 4 in the presence of ϳ100 Torr of He in a high temperature carbon tube furnace operated at a temperature of about 2200°C. The emission from the furnace was focused on to the entrance aperture of the 1-m Fourier transform spectrometer of the National Solar Observatory at Kitt Peak, equipped with a UV beam splitter. The 3000-9400 cm Ϫ1 region was recorded us-ing InSb detectors and a RG 645 filter, at a resolution of 0.05 cm
Ϫ1
. Six scans were coadded in about 18 min of integration. The 9000-17 000 cm Ϫ1 region was recorded using midrange photodiode detectors by coadding two scans in about 6 min of integration. In spite of the short integration time, the spectrum was observed with sufficient signal-tonoise ratio to be suitable for rotational analysis.
In the second experiment the bands were excited in a microwave discharge lamp with a flowing mixture of VF 4 vapor and He. The spectra in the 8500-12 500 cm Ϫ1 region were recorded at a resolution of 0.02 cm Ϫ1 by coadding 25 scans in 2.5 h of integration. This time the spectrometer was equipped with a CaF 2 beam splitter and the spectra were recorded using Si photodiode detectors and a RG850 filter. In this experiment the 1-0 band of VF was observed with sufficient intensity for a rotational analysis and the lines were relatively well resolved. This cooler spectrum was very helpful in the rotational analysis of the other bands recorded using the high temperature carbon tube furnace.
The new near infrared emission bands were readily attributed to VF based on their vibrational intervals and rotational line spacing. The spectral line positions were measured using a data reduction program called PC-DECOMP developed by J. Brault. The peak positions were determined by fitting a Voigt line shape function to each experimental feature. The furnace spectrum also contained the vibrationrotation bands of HCl and HF as impurities in addition to the VF bands and V atomic lines. We have used the HF 15 line positions to calibrate our spectra. The molecular lines appear with approximate widths of 0.075 cm Ϫ1 ͑furnace͒ and 0.040 cm Ϫ1 ͑microwave discharge͒ and a maximum signal-to-noise ratio of about 13:1. The line positions are expected to be accurate to Ϯ0.007 cm Ϫ1 . However, there is considerable overlapping and blending due to the rotational structure of different subbands in the same region, so the uncertainty is somewhat higher for blended and weaker lines.
RESULTS AND DISCUSSION
A number of new VF bands were observed in the 9000-15 000 cm Ϫ1 interval in the furnace spectrum, of which the bands observed in the 9000-12 000 cm Ϫ1 region were the most intense. Prominent bands with R heads near 9156.8, 9816.4, 10 481.4, 11 035.8, and 11 587.2 cm Ϫ1 can readily be identified as the 0-2, 0-1, 0-0, 1-0, and 2-0 bands of a new electronic transition on the basis of their intensity and vibrational spacing. The bands present in the 12 000-15 000 cm Ϫ1 region are very weak and their heads could not be measured precisely. Much improved spectra of this region are necessary before any interpretation of the visible bands can be offered. A compressed portion of the near infrared transition of VF is presented in Fig. 1 . As seen in Fig. 1 , each band appears to be very complex because of the overlapping of the rotational structure of different subbands of a high multiplicity transition.
In our previous studies of transition metal halides we have noted a similarity between the electronic energy levels of transition metal halides and the corresponding hydrides. For example, the structure of TiF 16 subbands in the 0-1, 0-0, 1-0, and 2-0 bands. The rotational analysis of the 0-2 band could not be achieved because of its weak intensity ͑Fig. 1͒. The rotational structure of each subband consists of R and P branches ͑no Q branch͒ appearing with similar intensity consistent with a ⌬⍀ϭ0 assignment. The rotational constants for the different ⍀ states have been obtained by fitting the observed lines to the following energy level expression:
͑1͒
The rotational lines were given weights according to the resolution, line intensity, and the extent of blending. The badly blended lines were heavily deweighted. The observed lines positions for the different sub-bands are available from EPAPS 27 or from the authors upon request. The molecular constants for the different bands are provided in Table I . The e/ f parity assignment in the 5 ⌬ 1 -5 ⌬ 1 and 5 ⌬ 2 -5 ⌬ 2 subbands was made arbitrarily to provide a positive ⌳-doubling constant q v in lower state. The constants
and L v are required for most of the vibrational levels of the different spin components. In addition the ⌳-doubling constants q v , q Dv , q Hv , and q Lv are required for the 5 ⌬ 1 and 5 ⌬ 2 spin components to minimize the standard deviation of the fits. The determination of the higher order constants is a reflection of the strong interaction with nearby states.
Although the visible spectrum of VF has been known for decades, the identity of the ground state has been an open question. The present work provides the first high resolution data for VF and sheds some light on the nature of the ground electronic state. The observation of several subbands for each vibrational band is consistent with the assignment of the high multiplicity transition. Our assignment of the 5 ⌬ ground state is consistent with available results for VH 14 and our recent observation of an infrared electronic transition of VCl. 11 In a more recent study of VCl, an ab initio calculation has been performed on the low-lying electronic states, and the analysis of the ͓7.0͔
5 ⌬ -X 5 ⌬ transition has been extended by analyzing many more bands. 28 It was also possible to identify an additional subband in spite of severe blending. 28 This study supports our 5 ⌬ assignment for the ground state of VCl 11 and suggests that VF should also have a 5 ⌬ ground state. Note, however, that the previously suggested 10 5 ⌸ ground state assignment for VF cannot be completely ruled out.
An irregular variation in the rotational and distortion constants of the different spin components of both the ground and excited states is the result of strong interaction with close-lying states. The large ⌳-doubling in the 5 ⌬ 1 and 5 ⌬ 2 spin components is most probably the result of strong interactions with close-lying 5 ⌸ states. The effects of these interactions are also apparent in the observed local and global perturbations. In the 0-0 and 1-0 bands of the 5 ⌬ 1 -5 ⌬ 1 subband, the lines with e-parity are affected for JЉϾ45. The high J e-parity lines could not be identified with certainty while the f-parity levels are unaffected. . The ground state vibrational constants from this transition are, however, considerably different from those reported by Jones and Krishnamurthy 10 from the low resolution emission spectrum of the visible bands.
The spectroscopic constants for the different vibrational levels of the ground and excited states provided in Table I have been used to determine approximate Hund's case ͑a͒ constants. Because the constants of the different spin components of the ground and excited states vary in an irregular manner, a simple average of these constants has been taken to obtain approximate Hund's case ͑a͒ constants. The average of the ground state vibrational intervals from Table I 13 for VF which suggests very close-lying 5 ⌬ and 5 ⌸ states. The large ⌳-doubling in the ground state is therefore due to strong interaction with this 5 ⌸ state. Similar interactions are also possible for the excited 5 ⌬ state, although an ab initio calculation predicting all the low-lying states of VF is still lacking.
CONCLUSION
We have observed the thermal emission spectrum of VF in the 3400-17 000 cm Ϫ1 region using a Fourier transform spectrometer. Five groups of bands with R heads ͑highest wave number subband͒ near 9156.8, 9816.4, 10 481.4, 11 035.8, and 11 587.2 cm Ϫ1 have been assigned as the 0-2, 0-1, 0-0, 1-0, and 2-0 bands of the ͓10.5͔
5 ⌬ -X 5 ⌬ transition. The 1-0 band of this transition has also been observed using a microwave discharge lamp. A rotational analysis of the 5 ⌬ 1 -5 ⌬ 1 , 5 ⌬ 2 -5 ⌬ 2 , 5 ⌬ 3 -5 ⌬ 3 , and 5 ⌬ 4 -5 ⌬ 4 , subbands of the 0-1, 0-0, 1-0, and 2-0 bands has been obtained and molecular constants have been extracted. The large ⌳-doubling observed in the 5 ⌬ 1 and 5 ⌬ 2 spin components is probably a reflection of a strong interaction with nearby 5 ⌸ states. The lower 5 ⌬ state is most likely the ground state of VF as predicted, 12, 13 and observed for VCl 11,28 but we do not have any direct evidence to prove this. Further experimental and theoretical work on VF will be necessary to confirm our assignments.
